Lecithinase can be determined by the measurement of the opalescence developing in serum (Nagler, 1939; Seifert, 1939) , the precipitation of lecithovitellin (van Heyningen, 1941a; Weed et al., 1942; Theriault, 1945) , the release of hemoglobin from erythrocytes (van Heyningen, 1941b; Burrows, 1951) , the determination of the amount of acid soluble phosphorus released from lecithin (MacFarlane and Knight, 1941) , and the release of CO2 from carbonate buffer in the Warburg apparatus (Zamecnik et al., 1947) .
A technique for the assay of lecithinase using an agar diffusion procedure has been developed in this laboratory and is described in this report. With the exception of the turbidimetric determination of lecithovitellin precipitation, this technique is as sensitive and accurate as any of the above and much simpler to carry out.
Agar diffusion techniques have long been used for the assay of antibiotics, growth factors, etc. In the field of enzymology, the general utility of these methods and the parameters for the assay of trypsin and horse liver esterase have been discussed (Stansley and Ramsay, 1956) , and the technique has been used for the assay of amylase (Stark et al., 1953) .
In this study, human erythrocytes and egg yolk suspensions were used as substrates for the lecithin-lecithinase reaction. With both substrates it was found that the size of the reaction zone was a function of the enzyme concentration, and that this function can be expressed as a linear relationship between the size of the reaction zone and the logarithm of the lecithinase concentration.
MATERIALS
Buffered saline. At pH 7.3, buffered saline was prepared by the addition of 8.5 g of sodium chlo-ride, 10.94 g of boric acid, and 1.9 g of sodium borate (Borax), to 1 L of distilled water.
Buffered agar. Agar was prepared by dissolving granulated agar (BBL, granulated agar) in buffered saline.
Egg yolk suspension. A suspension was prepared from the yolks of several chicken eggs less than 12 hr old, which were stirred with a sufficient volume of buffered saline to obtain a 20 per cent suspension by volume. This suspension was then filtered two times through Whatman no. 1 filter paper using a Buchner funnel. Red blood cell suspension. A second suspension was prepared from fresh human blood obtained by venipuncture, and defibrinated by shaking with glass beads. The red blood cells were then washed three times in buffered saline, packed in a 15-ml graduated centrifuge tube for 2 min at 1000 RCF, and made up to a 50 per cent suspension in buffered saline.
Assay plates. Flat bottomed antibiotic assay plates were used for the assay. To minimize the accumulation of condensed water vapor on the surface of the agar, porous covers, or the usual petri dish covers lined with filter paper were used.
Assay discs. Antibiotic assay discs (Schleicher and Schuell no. 740-E) having a diameter of 12.7 mm and holding approximately 0.1 ml of solution were used.
Lecithinase. A greater part of the studies reported here were conducted with culture filtrates of Clostridium perfringens strain SR12, or 50-fold concentrates of these filtrates obtained by methanol precipitation. The filtrates were prepared in 1-to 3-L quantities using a medium consisting of 3 per cent trypticase soy broth and 1 per cent proteose peptone No. 2 (Difco). The filtrates were collected in the early stationary phase of growth, usually after 6 to 8 hr incubation at 37 C.
Additional studies were made using C. perfringens strain BP6K. Also, both organisms were 375 grown in brain heart infusion and fluid thioglycolate broth with similar results insofar as the assay was concerned.
Before use in the assay procedure, each aliquot of enzyme preparation, or dilutions of these aliquots, were brought to a 1 per cent final concentration of bovine albumin powder (Fraction V from Bovine Plasma, Armour Laboratories) by dilution with an equal volume of a 2 per cent albumin solution in buffered saline.
METHODS
Preparation of lecithovitellin agar. To prepare 100 ml of lecithovitellin agar, 10 ml of egg yolk suspension was added to 90 ml of buffered agar which contained 1 g of granulated agar, and had been cooled to 50 C. This solution, containing 2 per cent egg yolk suspension, is called 2 per cent lecithovitellin in 1 per cent agar.
Preparation of red blood cell agar. To prepare 100 ml of red blood cell agar, 5 ml of red blood cell suspension was added to 95 ml of buffered agar which contained 1 g of granulated agar, and had been cooled to 60 C. The resulting solution thus contained 2.5 per cent red blood cells in 1 per cent agar.
Preparation of assay plates. Two measurements, at right angles to each other, were made for each disc, and their mean reported. Under the conditions of the assay these measurements never differed by more than 1 mm, and were usually within 0.5 mm.
EXPERIMENTAL RESULTS
General considerations. The various factors influencing agar diffusion are amply discussed elsewhere (Gavin, 1957) . However, experimentation in this laboratory indicated that the factors most responsible for an accurate and reliable assay are symmetric reaction zones, and the application of a constant volume of solution to the assay discs.
The use of preleveled surfaces for the pouring and incubation of the plates assures a level surface and a constant depth of the agar, which allows the enzyme to diffuse freely in all directions.
A constant volume of solution may be applied to the assay discs by direct pipetting with a micropipette, or, with equivalent accuracy and considerably greater speed, by capillary action. However, if the solutions to be assayed do not contain albumin, the reaction zones produced from capillary saturated discs are found to have a consistently oriented, geometrically identical asymmetry. This asymmetry seems to indicate that some form of selective adsorption is influencing the distribution of material applied to the disc. Total immersion of the assay disc in the test solution (although eliminating this asymmetry) was found to be unsatisfactory, apparently due to the variation in the total volume of solution that could be carried by the disc, with the greater part of this variation most probably being the amount of surface adsorption possible under the prevailing conditions.
During the initial experimentation with the red blood cell assay system it was noted that the red cells were not completely hemolyzed by the lecithinase, but that some cells remained intact as a cloudy appearing residue within the reaction zone. Furthermore, these cells were not hemolyzed after an additional period of incubation, nor by refrigeration of the plates. The factor(s) responsible for this variation were not determined. However, it was not due to the source of blood samples (age of donor, sex, or blood type), the method of preservation (in acidcitrate-dextrose solution, in citrate solution, by defibrination with glass beads, or by direct dilu-tion in buffered saline), or length of storage (up to 3 weeks as collected).
Clear zones of hemolysis could be obtained if the cell suspension (at room temperature) was added to the agar at 60 C and the resulting suspensions allowed to cool while the mixing and pouring of the plates continued. Under these conditions the cells were not exposed to a temperature above 50 C for more than 2 min, and to a temperature of 60 C only momentarily. However, mixing of the cells and agar at any temperature lower than 60 C, or maintenance of 2.5 per cent red blood cell agar at 50 C for periods of up to 30 min resulted in some degree of incomplete hemolysis on the plates; and heating of the cell suspensions alone to 55 or 60 C prior to mixing with the agar was found to be unsatisfactory because of extensive hemolysis in the cell suspensions during the heating period.
These experiments seem to indicate that "normal" (untreated) human red cells are not capable of being completely hemolyzed under the conditions of the assay procedure, and that they must be altered in some manner for complete hemolysis to be obtained. The critical factors for this alteration appear to be the brief heat shock at 60 C, combined with the protective effect(s) of the agar solution. As the heat shock technique permitted the cells to be lysed in a more predictable manner, and was equally effective on different blood samples the technique was adopted as standard for the preparation of red blood cell agar.
Influence of bovine albumin on the assay procedure. Zamecnik et al. (1947) found that the determination of lecithinase using a manometric method was quite variable unless albumin was present in the reaction mixture.
With the agar diffusion procedure it was found that the addition of bovine albumin powder to a final concentration of 1 per cent in each dilution to be tested had the following advantages over using buffered saline alone as a diluent; it eliminated the asymmetric reaction zones noted when capillary saturation of the assay discs was used, decreased the variability of duplicate assays, and increased the reaction zone size per unit enzyme. Table 1 shows the mean zone diameters and the standard deviation obtained from the assay of several dilutions of a culture filtrate prepared with and without added albumin. It can be seen that the addition of albumin increased the reaction zone diameter per dilution of enzyme 1.5 to 2 mm in the range studied, and was responsible for a better than 50 per cent reduction in variability. Similar effects were demonstrated for the influence of albumin upon the red blood cell assay technique.
Influence of alteration in conditions of test on accuracy of results. In order to determine the combination of constituents which would give the most reliable and easily measured system, the agar concentration, substrate concentration, and depth of agar (expressed as total volume per plate) were varied. The experiments in which all three of these variables were studied were initially carried out with lecithovitellin as the substrate; in later experiments with red blood cells as the substrate only the effects of varying the substrate concentration were studied.
Allowing a concentration of 1 or 2 per cent agar, 1 or 2 per cent lecithovitellin, and 10 or 20 ml total volume per plate, eight systems were studied by the simultaneous assay of four different dilutions of a typical culture filtrate, and are described at the bottom of table 2. Each dilution was assayed in sextuplicate on each system. The mean zone diameters and the standard deviation of the readings are reported in table 2.
Prior to use, the lecithovitellin plates are a translucent, pale whitish-yellow in appearance; after the lecithinase reacts with the lecithovitellin the reaction zones are deep, homogeneous cream-colored areas of flocculation. As the unreacted areas of agar are somewhat opaque, it is desirable to produce a system in which the opacity that develops from the reaction of the lecithinase is much greater than that of the unreacted areas in order to be able to accurately measure All the systems reported in table 2 show a linear relationship between the log enzyme concentration and the reaction zone diameter; and with the exception of system G, in which only a slight difference was observed, appear to have identical slopes. Inasmuch as system D apparently gave the most accurate readings, the reactants were used in the proportions of this system in the further work with this assay.
The reaction zones produced on red blood cell agar are clear areas of hemolysis easily differentiated from the red, translucent appearance of the unreacted agar. Assay plates were prepared which contained 1.25, 2.5, and 5 per cent red blood cells in 1 per cent agar, and 20 ml was distributed to each plate. As would be expected, those plates containing the lower concentration of red blood cells produced the larger reaction zones. The plates containing 1.25 per cent red blood cells were difficult to measure accurately due to the low opacity differential between the clear hemolytic areas of reaction, and the faint pink coloration of the areas of unreacted red blood cell agar. Those plates containing 5 per cent red blood cells were difficult to measure accurately because of the lack of clearly defined edges between the reaction zones and the unreacted agar. Since the reaction zones produced on those plates containing 2.5 per cent red blood cells were easily distinguished from the unreacted areas, and since the zone edges were clearly defined, thus allowing the accurate measurement of zone diameters, the reactants were used in this proportion in the further work with this assay procedure.
Preparation of standard curves. (1) consistently smaller than that which would be predicted by direct extension of the regression lines. These observations indicate the desirability of producing a zone diameter of between about 20 and 30 mm in order to obtain the greatest reliability.
It was found that the standard curve obtained on different lots of lecithovitellin agar would vary to the extent that the regression line might be displaced 0.2 mm, but all were of constant slope. The displacement of the regression line could thus have been ignored without too great a loss in the reliability of the assay, or a point estimate of the displacement could have been made. However, as the assay procedure requires no great expenditure of time or material, the standard curve was redetermined for each new batch of lecithovitellin plates prepared.
(2) The red blood cell curve:-The standard red blood cell curve reproduced in figure 1 was obtained by triplicate assays of 1:2, 1:4, 1:10, and 1:50 dilutions of the "standard" preparation in buffered saline with 1 per cent bovine albumin for 24 hr at 37 C. A solution containing 100 lecithinase units per ml is thus defined as one which will produce a reaction zone measuring approximately 34.7 mm in diameter under the given conditions. Reaction zone diameters larger than 34 mm were not investigated for the red blood cell assay system. At this level of activity no decrease in 1959] reliability was noted. On the other hand, those diameters smaller than about 22 mm tended to be more variable than those above this point. Thus, if the red blood cell assay system deviates from the straight line relationship between log enzyme Insofar as reliability is concerned, the technique is slightly more variable than turbidimetric determination of lecithovitellin flocculation, but appears to be comparable to the other methods of lecithinase determination and much easier to carry out. It should be pointed out that for our measure of variability we have used the coefficient of variation (the standard deviation divided by the mean, and in this case expressed as a per cent), and this value is a measure of how much a given assay (one disc) would vary in general from the mean value of several assays. In actual practice, because of the ease of carrying out the assay procedure, it is common for a given preparation to be assayed in triplicate or quadruplicate, and the mean of these determinations taken as the final result. Under these circumstances it can be shown that the variability of the assay would be significantly less than the 4 to 5 per cent noted for single assays.
The hemolytic activity of theta toxin on human red cells is not considered to have adversely affected the reliability of the red blood cell assay because of the similarity of results obtained when identical preparations were assayed on lecithovitellin plates. In addition, inactivation of the lecithinase by the use of phosphate buffer in the red blood cell assay indicated that hemolytic activity attributable to theta toxin under the conditions of the assay was at such a low level that hemolysis could be detected only directly beneath the assay discs, and was at a level too small to be measured. In this regard, it has been shown (van Heyningen, 1941b ) that the hemolytic effects of lecithinase and theta toxin are not cumulative, most probably because of a difference in substrates; and that in a mixture of the two substances, only the agent present in the greater concentration would be measured. Van Heyningen has also indicated that in old culture filtrates containing lecithinase and theta toxin, only the lecithinase will be hemolytic unless the theta toxin is reactivated by the addition of reducing agents.
Because of the relative ease of obtaining egg yolk, the less complicated and time consuming preparative operations, and the more standardized response from different egg yolks, the lecithovitellin plate would appear to be the preferred system. In addition, lecithovitellin plates may be stored in the refrigerator for periods of at least seven days without effect on the assay, whereas red blood cell plates appear to be stable for only three to five days after plating, thus requiring more frequent preparation of this material SUMMARY An agar diffusion technique for the assay of the lecithinase from Clostridium perfringens utilizing either human red cells or lecithovitellin as the substrate has been developed and is described in this report. The technique appears to be as accurate and sensitive as most of the other methods of lecithinase determination, and is much easier to use.
